Introduction
============

Control of intracellular ion homeostasis is essential for all cellular organisms. At physiological condition ions like K^+^ or H^+^ are found at high concentrations inside the cells, whereas ions like Na^+^, Ca^2+^, or Cl^−^ are rather found extracellularly (Lang, [@B47]). Many pathological situations like liver insufficiency, diabetic ketoacidosis, hypercatabolism, fibrosing disorders, sickle cell anemia, infection (Lang, [@B47]), cystic fibrosis (Stutts et al., [@B72]; Mall et al., [@B50]; Matsui et al., [@B51]), or intoxication with metals (Darbha et al., [@B17]) are associated with a defective regulation of the ion concentrations. For example, disregulation of the K^+^ entry might alter Ca^2+^ homeostasis; thus, leading to neuronal degeneration and all associated diseases like Alzheimer, stroke or ischemia, and epilepsy (Dolga et al., [@B28]).

So far most of the techniques employed to measure ion concentrations make use of electrodes (Bakker et al., [@B4]) or fiber-based optodes (Tan et al., [@B77]; Buhlmann et al., [@B8]). These systems work well for solutions but in general not for cellular organisms, since they are too big to enter the cells over extended periods of time. There are other techniques like microanalysis that can measure intracellular analyte concentrations. However they are destructive for the biological sample (Cameron et al., [@B10]). For subcellular (intracellular) analyte detection smaller non-invasive sensors are required, especially if long term measurements in live cells are envisaged. One possibility toward this direction is the use of particles as carrier matrix/container for analyte-sensitive molecules. Examples of such nano/micrometer-sized containers include solid particle matrices (Burns et al., [@B9]; Hidalgo et al., [@B39]), liposomes (Nguyen and Rosenzweig, [@B56]), hollow fiber membranes (Ballerstadt and Schultz, [@B5]), vesicles (Dimosthenis and Athanasios, [@B27]), and polyelectrolyte capsules (Kreft et al., [@B46]; Rivera Gil et al., [@B64]; Delcea et al., [@B23]). Carriers must be designed in a way that ions or molecules are able to freely diffuse to the location of the sensor. The sensors allow for the transduction of chemical concentration information into a read-out signal. Mostly optical signals are used as read-out because of their ease of detection. However, more sophisticated and sensitive nanosensors which make use of shift in the plasmon peak of gold nanoparticles upon the close presence of analytes have also been described (Alvarez-Puebla et al., [@B2]; Rodriguez-Lorenzo et al., [@B68]; Perez-Pineiro et al., [@B59]).

In this review, we discuss two of such systems for the time resolved optical measurement over extended periods of time of the analytes concentration (ions or other (small) biological molecules) inside cells in a non-invasive way. One system, the so-called nanoparticle system, is based on hybrid materials (inorganic and organic) and has a size in the nanometer scale. The second system, the polymer capsules, is composed out of organic materials and has a size in the micrometer scale range. In both cases, nano-/microparticles act as carrier for the sensor molecules (conventional organic analyte-sensitive fluorophores) and exhibit an optical read-out. Hereby the sensing ability is based on changes in the photoluminescence emission subsequent to ion binding in a reversible manner. In case two types of fluorophores (one sensitive and one insensitive to the analyte) are incorporated in the system, ratiometric measurements can be performed. In this way differences in the read-out due to quenching, loading efficiency, or degradation of the analyte-sensitive fluorophore are partly circumvented. Analogously, both systems (nano- and microparticles) can carry the same sensor molecules. Since these two systems differ from each other in size and chemical composition, their uptake pathway by cells and their intracellular location can be different. Therefore, different information from the intracellular environment, where each sensor is preferentially located can be obtained. In this way, depending on the localization of the analyte to be determined one can make use of the nano- or the micro-sensors.

In this review, the geometry as well as the advantages and disadvantages of both sensors (nano/micro) will be first discussed. Afterward, how both systems can complement each other to create a more sophisticated sensor, which includes the functionalities of both single sensing systems will be presented.

Ion Sensors at the Nano-Scale
=============================

In the last years, nanotechnology has enabled to create new materials with a wide variety of applications being the bio-medical field the most promising (Cui et al., [@B16]; De et al., [@B18]; Peteiro-Cartelle et al., [@B60]; Rivera_Gil et al., [@B65]; Thanh and Green, [@B78]). Nanomaterials are engineered in a submicron size range of a few to a few hundreds of nanometers which are on purpose designed to result in new biological/medical effects due to their unique physicochemical properties that differ from their macroscopic counterparts. Nanoparticles tailored for biological applications are commonly composed of an inorganic core and a biocompatible surface coating that provides chemical stability under physiological conditions, colloidal dispersibility in aqueous solution, and reduced toxicity (Pellegrino et al., [@B58]). The surface coating can be chemically modified with different molecules to introduce additional functionalities to the nanomaterial (Lin et al., [@B48]). Within other examples, analyte (ion)-sensitive fluorophores can be covalently linked to the outer shell of the nanoparticles to obtain nano-structured sensing systems (Figure [1](#F1){ref-type="fig"}A; Brown and McShane, [@B7]). Furthermore, other kinds of molecules can additionally be attached to the nanoparticle surfaces. This can be used to create ratiometric nano-scale sensors. For this purpose, non-sensitive fluorophores, which do not respond to concentration changes of the analyte of study can be co-attached together with analyte-sensitive fluorophores to the nanoparticles surface (Riedinger et al., [@B63]; Zhang et al., [@B80]). In this way, analyte-sensitive fluorophores as well as non-sensitive fluorophores are located at the same nanoparticle and the analyte concentration can be determined as the ratio of the fluorescence read-out of both fluorophores. If fluorescent semiconductor nanoparticles (quantum dots) are used as carrier for the analyte-sensitive fluorophores, the intrinsic nanoparticle fluorescence can be used as reference for ratiometric analysis too. Following this scheme, nanoparticles sensitive to ions like chloride (Cl^−^; Riedinger et al., [@B63]), protons (H^+^; Zhang et al., [@B80]), sodium (Na^+^), or potassium (K^+^), can be efficiently produced. Such systems have already been applied for detecting concentrations of ions inside living cells (Zhang et al., [@B81]; Rivera_Gil et al., [@B67]).

![**Nanoparticle-modified multifunctional sensor capsules**. A schematic illustration of the three proposed ion sensor systems is hereby illustrated. **(A)** Nanoparticles functionalized with an ion-sensitive fluorophore, e.g., with Amino-MQAE, (2-\[2-(6-methoxyquinoliniumchloride) ethoxy\]-ethanamine hydrochloride), which is a chloride (Cl^−^) sensitive fluorophore. The nanosensors will show blue fluorescence (blue dots) at low concentration (\[Cl^−^\]) but the fluorescence will be quenched (black dots) in the presence of a high \[Cl^−^\] in the environment of the nanoparticles. **(B)** Polyelectrolyte microcapsules loaded with an ion-sensitive fluorophore, e.g., with SNARF®, which is sensitive to protons (H^+^). Its fluorescence emission shifts from red (red stars) to green/yellow (green stars) by increasing the concentration of H^+^ in the environment of the polyelectrolyte microcapsule. The wall is modified with an ion-insensitive dye, e.g., Quantum dots or organic dyes (pink dots) for multiplexed measurements. **(C)** Multisensing polyelectrolyte microcapsule made by embedding ion sensor fluorophores in the inner cavity of the hollow capsule and nanoparticles functionalized with ion-sensitive fluorophores in the wall. Notice that in order to avoid screening of the nanoparticle-based fluorophores by counter-ions the nanoparticle must be separated from the charged surface of the capsule (for example with a PEG molecule). In the figure, the capsule cavity is loaded with SNARF and the outer shell is conjugated to chloride-sensitive nanoparticles. These figures have not been drawn to scale.](fphar-03-00070-g001){#F1}

There are several considerations to keep in mind when designing a nanoparticle-based sensor. Depending on the nanomaterial used as carrier, it is possible to find different unwanted interactions with the read-out. Thus if metallic nanoparticles (gold, silver) are used, fluorescence quenching can be observed (Dulkeith et al., [@B31]; Fu and Lakowicz, [@B32]; Zhu et al., [@B83]). On the other side, the use of semiconductor fluorescent nanoparticles can lead to fluorescence resonance energy transfer (FRET), which in turn can be a desired process to create more sophisticated sensors (Suzuki et al., [@B76]; Yakovlev et al., [@B79]). Moreover, to maintain the colloidal stability of these nanoparticles in aqueous solution, either steric or electrostatic repulsion between the nanoparticles is required. In the case of electrostatic repulsion the nanoparticles need to bear a big net charge. This net charge produces a local environment on the nanoparticle surface, which is different from bulk solution. This is due to the fact that each charged nanoparticle attracts a cloud of counter-ions. In this way close to the nanoparticle surface the concentration of oppositely charged ions is increased, whereas the concentration of ions of the same charge is decreased, as described in first order by the Debye--Hückel theory (Debye and Hückel, [@B20],[@B21]). Thus the read-out of ion-sensitive fluorophores close to the nanoparticle surface does not reflect the real ionic concentration in the bulk solution. This limitation can be partially solved by modifying the linkage of the fluorophore to the nanoparticle. The use of polymeric spacers based on poly(ethylene)glycol (PEG) molecules has been reported to be an useful tool to modify the distance between the nanoparticle and the fluorophore, thus bringing the ion-sensitive fluorophores to distances further away from the nanoparticle surface where the ion concentration is more similar to the bulk concentration (Riedinger et al., [@B63]; Zhang et al., [@B80]). Nevertheless, the local net charge present at the nanoparticle surface can also be used to tune the sensitivity of analyte-sensitive fluorophores to make them useful for physiological conditions. For example, oregon green is a commercial acidic pH fluorescence indicator with a *pK*~a~ of ∼4.7, i.e., the range of pH detection goes from ∼pH 3.5 to 6. This means that for applications where a *pK*~a~ around 7 is desired, this pH-sensitive fluorophore is not useful. Making use of Debye--Hückel screening on charged nanoparticle surfaces the effective *pK*~a~ of oregon green can be tuned from 4.7 (free oregon green) to 7.9 for oregon green linked to the surface of negatively charged nanoparticles (Zhang et al., [@B81]).

There are also some other considerations to keep in mind when using nanoparticles as carriers for the sensor molecules especially for biological applications. In this case like in other kinds of sensors (Grabchev et al., [@B36]; Aranzaes et al., [@B3]; Grabchev and Guittonneau, [@B35]), the analyte-sensitive fluorophore is located in the surface of the nanoparticle, being therefore unprotected from the environment and sensitive to degradation. Degradation can occur either enzymatically, by disrupting the structure of the sensor or chemically, due to irreversible damage of the fluorescence signal, e.g., by oxidation. Both cases are related and not exclusive and at any rate result in the disruption of the sensor signal. Although degradation will not occur within minutes or hours and measurements over short periods of time (enough for most relevant bio-medical applications) can still be accurately performed, for long term measurements, i.e., over days this fact should be kept in mind.

One of the big advantages of the nanoparticle-based sensors is that their geometry can be tuned to direct them to specific intracellular locations. Physicochemical parameters of the nanoparticles like colloidal stability, size, and surface properties are key factors that have been named to influence the cellular behavior of nano-scale particles (Mailander and Landfester, [@B49]). For example, the surface charge clearly manipulates the overall uptake rate of nanoparticles and their pathway of internalization (Harush-Frenkel et al., [@B38]; Ge et al., [@B33]; Chung et al., [@B14]). There are some nanoparticle systems in which positively charged particles in contrast to negatively charged particles are not found in the endosomes immediately after cellular uptake, though particles of both charges are found in lysosomal structures after 24 h (Schweiger et al., submitted). By changing other physicochemical parameters like size and shape, different endocytosis mechanisms, and thus locations can be observed (Nakai et al., [@B54]; Osaki et al., [@B57]). For example, colloidal gold nanoparticles modified with ligands that utilize the membrane receptor ErbB2 to enter the cell showed a location within multivesicular structures or within endosomes depending on their size (Jiang et al., [@B42]). Moreover, signal-mediated transport *via* pores and thus nuclear and cytoplasmatic localization has been proposed for inhaled ultrathin (\<0.1 μm) nanoparticles (Geiser et al., [@B34]). Quantum dots can also be engineered to locate in synaptic vesicles of cultured neurons. Their pH-dependent fluorescent signal enabled long term tracking of the synaptic activity *in situ* (Zhang et al., [@B82]). More sophisticated tuning processes include the surface decoration with functional groups that can direct the nanoparticles to specific intracellular locations. A quantum dot-peptide conjugate that carries the SV40 large T antigen nuclear localization signal has also been described to deliver these nanoparticles to the nucleus of living cells (Chen and Gerion, [@B12]). Gold nanoparticles stabilized with the pentapeptide CALNN or a combination of two different cell penetrating peptides was partially found freely dispersed in the cytosol (Nativo et al., [@B55]). Small engineered quantum dots fused with the GluR2 subunit of the AMPA-type glutamate receptor, which localizes to postsynaptic membranes, significantly improved the access to and accumulation in the neuronal synapses (Howarth et al., [@B40]).

In conclusion, the use of nanoparticles as carriers for ion-sensitive fluorophores shows several advantages. For example, as many fluorophores can be linked per nanoparticle, the detection efficiency increases significantly. Furthermore, the incorporation of the molecular sensors to the nanoparticles avoids problems associated with the molecules alone, like delocalization or various non-specific interactions. Since the different nanoparticles accumulate in specific subcellular compartments, the read-out of the sensor is highly localized and can be easily detected by fluorescence microscopy. By changing physicochemical parameters like shape, size, surface chemistry, and charge, the intracellular fate of the nanoparticle-based sensor can controllably be tuned. In this way, the nanosensors can be targeted to specific compartments where the concentration of analytes has to be determined.

Ion Sensors at the Micro Scale
==============================

Due to the high surface-to-volume ratio of nanoparticles analyte-sensitive fluorophores can be attached to their surface. Such geometry would not warrant for optical loading of micrometer-sized carriers though. For micrometer-sized carriers, the loading capacity can be enhanced by filling their whole volume with analyte-sensitive fluorophores, thus reducing the quantity of sensors used. For such purpose the carriers must be designed in a way that ions or molecules are able to freely diffuse into the container, while compartmentalizing the sensing reagents (i.e., the analyte-sensitive fluorophores) in the volume. The optical sensors as described before are often organic fluorescent dyes that can reversibly change their fluorescence emission depending on the presence of a specific analyte. This section is focused on the application of polyelectrolyte multilayer capsules as carrier system, since they are one of the most versatile platforms of micrometer-sized containers (Choi et al., [@B13]; De_Geest et al., [@B25]; Becker et al., [@B6]). Furthermore, they have been proved to be excellent carriers for different cargoes to different cells *in vitro* and *in vivo* as well as exhibiting enhanced biocompatibility (De_Koker et al., [@B26]; Hartig et al., [@B37]; Rivera_Gil et al., [@B66]; Kolbe et al., [@B45]). Capsules carrying sensor molecules have been recently synthesized to detect biologically relevant ions such as K^+^, Na^+^, H^+^, and Cl^−^ (del_Mercato et al., [@B24]). Moreover, due to their porosity the capsules can serve as biosensors for bigger molecules like glucose by entrapping enzymatic proteins or engineered binding proteins (McShane and Ritter, [@B52]; Kazakova et al., [@B44]). The synthesis of capsules is based on layer-by-layer self-assembly in which polyelectrolytes of different charges are deposited in an alternating sequence onto a sacrificial template (Donath et al., [@B29]; Sukhorukov et al., [@B74]). The versatility of this synthetic protocol makes it possible to produce capsules of different compositions (biodegradable *vs*. non-degradable, etc.) with a huge range of different properties (pH-, temperature-sensitivity, etc.; Rivera_Gil et al., [@B66]; Stuart et al., [@B71]). There are two main procedures to load the capsule cavity with macromolecules: (i) the coprecipitation of the cargo (in our case the analyte-sensitive fluorophores) during the template formation, or (ii) the "postloading" of empty capsules taking advantage of the capsule volume decrease due to environmental changes (temperature, pH, ionic strength; Becker et al., [@B6]). The coprecipitation or "preloading" method is in general a more efficient method to encapsulate big macromolecules (She et al., [@B69]). Recently, it has been demonstrated that by conjugating 500 kDa dextran to different ion-sensitive fluorophores, it is possible to load efficiently the microcapsules that otherwise are too porous to avoid the leaking out of the small analyte-sensitive fluorophores from the inner cavity of the carrier system. Following this procedure, microcapsules sensitive to ions such as H^+^, Na^+^, K^+^, Cl^−^ can be obtained (del_Mercato et al., [@B24]). The main aim of such capsule-based sensors is to be able to estimate quantitatively the concentration of certain ions that are involved in intracellular processes. This objective has been achieved by characterizing the fluorescence response of ratiometric ion-sensitive polyelectrolyte capsules in which two fluorophores, one sensitive to a specific ion and one insensitive were entrapped in the same container. Again, by taking the ratio of the emission intensities at one single excitation wavelength, one can obtain an ion concentration value independent of the fluorophore concentration in a particular compartment. By titration fluorometric measurements and fluorescence microscopy it was possible to generate calibration curves that served to estimate ion concentration.

Very similar to the Debye--Hückel effect described for the nanoparticles, the Donnan effect can generate a different ion concentration between the environment and the interior of the capsule, where the sensor molecules are entrapped (Sukhorukov et al., [@B73]). However, this problem can be overcome by correlating the external concentration of ions with the global optical response of the capsule, independently of the ion concentration in the inner cavity. Capsules sensitive to pH have shown the highest efficiency in sensing since the fluorescence emission of the specific fluorophore was not disturbed by the presence of the charged dextran (to which the pH-sensitive fluorophores has been linked in order to be big enough for being retained in the capsule volume) or the polyelectrolytes in the capsule wall (Rivera_Gil et al., [@B67]). In the case of Na^+^-, K^+^-, and Cl^−^-sensor capsules the efficiency of the ion sensing respect to the fluorophore alone decreased, but they still were useful to estimate the desired range of concentration relevant for bio-medical applications. Nevertheless, the versatility of the synthesis of these ratiometric ion-sensitive polyelectrolyte capsules is a promising procedure to design quantitative ion sensors based on organic fluorophores.

The particular novelty and the differences to other alternative technologies such as the probes encapsulated by biologically localized embedding (PEBBLE) system (Clark et al., [@B15]) is that our carrier-based optical sensors in principle allow multiplexed measurements (del Mercato et al., [@B22]). This is based on the fact that capsules can be functionalized with fluorescent molecules at two distinct positions, in their walls and in their cavities. In this concept, fluorophores sensitive to different analytes are loaded into the cavities of different capsules and the walls of each capsule is fluorescently labeled with a barcode (Abbasi et al., [@B1]; Figure [1](#F1){ref-type="fig"}B). The color of the capsule wall allows for the identification of each capsule thus providing information for which analyte this particular capsule is sensitive to. In conclusion, sensor based microcapsules offer a great possibility to engineer multidetection systems in which several intracellular ions could be sensed in parallel. On the other hand, the disadvantage of these systems compared to the nanoparticles is that the functionalization of the capsule surface is not well established yet and much work has to be done in order to tune the microcapsules to target them to specific cellular compartments.

Although many different types of cells internalized these carriers (Sukhorukov et al., [@B75]; Muñoz_Javier et al., [@B53]; Rivera_Gil et al., [@B66]; Reibetanz et al., [@B61]), the capsules have only been found in lysosomal structures so far (Reibetanz et al., [@B62]; De Koker et al., [@B19]), being the mechanism of internalization of polymeric capsules not yet elucidated. The lysomotropy showed by the capsules can be turned into an advantage. As their location is exactly defined, capsules can be used to measure changes in the concentration of lysosomal ions, e.g., H^+^ *in situ* over long periods of time (Rivera_Gil et al., [@B67]), which can be beneficial for many different diseases associated with a defective lysosomal acidification (Stutts et al., [@B72]; Mall et al., [@B50]; Matsui et al., [@B51]; Darbha et al., [@B17]; Lang, [@B47]).

Summarizing, the main and distinctive advantage of using polymeric microcapsules as carriers for the analyte-sensitive fluorophores is multiplexing, i.e., the ability to measure several analytes in parallel with barcoded microcapsules-based sensors. Furthermore, due to their big size which corresponds mostly to the cavity area, higher quantities of sensor molecules can be encapsulated and thus, those signals are higher. Since the intracellular fate of these microcapsules is different as the nano-based sensors, information from different cellular structures can be obtained upon their use.

Integration of the Nanosensors into the Micrometer-Sized Capsules
=================================================================

As presented here, the idea will be to have a complex tool kit for sensing different ions in different conditions and environments. Regarding biological/medical applications this is particularly interesting since many diseases are directly related with alterations in ion concentrations. To our knowledge, the concentration of ions inside some cellular compartments has not been determined at all. Incubation of the cells either with the nanoparticles or with the capsules lead to a rapid incorporation of both systems. However, due to differences in size as well as other physicochemical properties, those two systems are internalized through different mechanisms of internalization. Depending on the chemical composition of the surface (tuning abilities), nanoparticles are taken up mostly either *via* clathrin- or *via* lipid raft-mediated endocytic processes (Jiang et al., [@B43]). Once incorporated, the nanoparticles are located in different compartments and normally end up in the lysosome. On the contrary, the internalization processes of the microcapsules are more complicated and are not fully known yet. Thus, it might not involve clathrin, caveolae mechanisms, and their derived endosomal localization, since the size of these pits is too small to engulf the capsules. Nevertheless, the final location of these microcapsules seems to be also the lysosome as commented before. Although both systems end up in the lysosomes, the compartments that are involved in the internalization processes until they reach the lysosome are different. Furthermore, the maturation of the vesicles involves fusion of different compartments according to the mechanism of internalization. In this way by using either the nanosensors or the micro-sensors, each of these compartments can be resolved over time.

One of the biggest advantages of the microcapsules relies on the possibility to combine different functionalities at different positions of the capsules (cavity or wall) to create a more sophisticated system. As described before, fluorophores (such as colloidal quantum dots) emitting at different wavelengths can be added to the wall of the capsules, while the cavity is filled with the analyte-sensitive fluorophore. In this case multiplexing can be easily achieved since every sensor can be recognized by the color of its wall (Abbasi et al., [@B1]). Furthermore, the cavity of the microcapsules can be loaded with the nanoparticle-based sensors, whereas the wall can be functionalized with gold nanoparticles. In this way, light-responsive microcapsules (Skirtach et al., [@B70]) can be used as carriers to deliver the nanosensors into the cytosol of the cells. Gold nanoparticles are able to absorb light and convert it into heat (Dondapati et al., [@B30]; Hühn et al., [@B41]). Then, the light illumination of gold nanoparticles presented in the wall of the capsules produces local heat enough to open the capsule and release the cargo into the cytosol (Carregal Romero et al., [@B11]). Ideally, the nanoparticle-based sensors could additionally be functionalized with target moieties to recognize organelles like endoplasmatic reticulum, pre-synaptic vesicles, nucleus, etc., so that upon controlled release, the sensors are directed to specific organelles. The multi-compartmentalization of the capsules could additionally be used to combine nano- and the micro-sensor into one single system (Figure [1](#F1){ref-type="fig"}C). Whereas the nanosensors could be conjugated to the wall of the capsules *via* PEGylation of the outermost layer of the capsule, the cavity could be loaded with a different analyte-sensitive fluorophore. In this way two different ions could be estimated at the same time. Possible differences on the loading efficiencies of the different sensors inside each individual cell would then be avoided. For example, the nanoparticles sensitive to chloride could be incorporated in the capsule wall, while the proton-sensitive fluorophores could be loaded inside the capsule. In this way, the wall of the capsules would respond to changes in the chloride concentration, whereas the cavity of the capsules would read-out changes of the pH. Furthermore, conjugation of the nanosensors to the wall of the capsule would lead to a local accumulation of the sensors in the area, which in turn would increase the signal of the nanosensors. This would again solve problems derived from an inefficient loading of the nanoparticles inside the cells since if too few nanoparticles are incorporated, the read-out signal cannot be detected.

Final Remarks
=============

In conclusion, the presented biosensors based on nanoparticles or microscopic polymeric structures have been demonstrated to own a good signal-to-noise ratio. The read-out can easily be detected with simple, non-invasive techniques. Due to their small sizes they can be used for intracellular measurements. Furthermore, due to the high versatility of the microcapsules, more sophisticated sensors can be generated, which are suitable for multiplexing measurements. We would also like to remark, that nanoparticles and microcapsules do not necessarily compete against each other. They can either be integrated in one single system to combine functionalities or can be used complementary to obtain more information from the cell, since both can be located in different cellular regions.
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